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(57) ABSTRACT 
A circuit has a first circuit module including a first resistorand 
first and second transistors coupled in parallel with the first 
resistor. The first resistor and the first and second transistors 
are coupled together at a first node. An equivalent resistance 
across the first circuit module increases as a Voltage of the first 
node is increased from a first voltage to a second Voltage, and 
the equivalent resistance across the first circuit module 
decreases as the voltage of the first node is increased from the 
second Voltage to a third Voltage. 
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METHOD AND APPARATUS FOR 
FEEDBACK-BASED RESISTANCE 

CALIBRATION 

BACKGROUND 

As increasingly advanced semiconductor fabrication pro 
cesses are used these days, precise tuning of various circuit 
characteristics is an important consideration. Resistance 
variation is a challenging issue that can make it difficult to 
design circuitry that meets various performance require 
ments. After tapeout for a 28 nm fabrication process, variation 
of up to 30% in resistance has been observed. Such resistance 
variation is sought to be calibrated to ensure proper circuit 
performance. 
One prior digital approach for calibrating a resistance 

involved selectively enabling or disabling various combina 
tions of Switches coupled to a resistor network. A disadvan 
tage with that approach is that the use of numerous Switches 
necessitates a large circuit area and a large number of external 
control pins, increasing circuit complexity and cost. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The following will be apparent from elements of the fig 
ures, which are provided for illustrative purposes and are not 
necessarily to scale. 

FIG. 1 is a circuit diagram in accordance with some 
embodiments of the present disclosure. 

FIG. 2 is a plot of resistance versus Voltage in accordance 
with some embodiments. 

FIG. 3 is a schematic diagram of a circuit for determining 
gate Voltages for resistance calibration in accordance with 
Some embodiments. 

FIG. 4 is a circuit diagram in accordance with some 
embodiments. 

FIG. 5 is a flow diagram in accordance with some embodi 
mentS. 

DETAILED DESCRIPTION 

This description of certain exemplary embodiments is 
intended to be read in connection with the accompanying 
drawings, which are to be considered part of the entire written 
description. Terms concerning attachments, coupling and the 
like, such as “connected' and “interconnected, refer to a 
relationship whereinstructures are secured or attached to one 
another either directly or indirectly through intervening struc 
tures, as well as both movable or rigid attachments or rela 
tionships, unless expressly described otherwise. Likewise, 
terms concerning electrical coupling and the like, Such as 
“coupled.” “connected' and “interconnected,” refer to a rela 
tionship wherein structures communicate with one another 
either directly or indirectly through intervening structures 
unless expressly described otherwise. 

In the description, relative terms such as “lower,” “upper.” 
“horizontal,” “vertical,”, “above,” “below,” “up,” “down.” 
“top” and “bottom’ as well as derivative thereof (e.g., “hori 
Zontally.” “vertically.” “downwardly.” “upwardly, etc.) 
should be construed to refer to the orientation as then 
described or as shown in the drawing under discussion. These 
relative terms are for convenience of description and do not 
require that the apparatus be constructed or operated in a 
particular orientation. The term “around,” when used in the 
context of a first element being positioned around a second 
element, does not require that the first element be directly 
bordering the second element. 
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2 
FIG. 1 is a diagram of a circuit 100 in accordance with 

some embodiments of the present disclosure. A resistor 102 to 
be calibrated exhibits resistance variation. APMOS transistor 
104 and an NMOS transistor 106 are coupled in parallel with 
resistor 102 as shown in FIG.1. Transistor 104 has a source 
terminal coupled to node B and a drain terminal coupled to 
node A. Transistor 106 has a source terminal coupled to node 
A and a drain terminal coupled to node B. The equivalent 
resistance across transistors 104,106 and resistor 102 varies 
as a function of the voltage at node A, as shown in FIG. 2. The 
particular resistance and Voltage values in FIG. 2 are merely 
one example. FIG. 2 shows a relationship in which resistance 
increases as the node A Voltage is increased from a first 
Voltage (e.g., about 0.1 V) to a second Voltage (e.g., about 0.7 
V), and decreases as the node A Voltage is increased from the 
second Voltage to a third Voltage (e.g., about 1 V). 
The voltage-resistance relationship in FIG. 2 may be 

understood as follows. In analog CMOS design, a MOSFET 
(metal oxide semiconductor field effect transistor) can oper 
ate as a variable resistor whose resistance value is controlled 
by an overdrive voltage (difference between gate-source volt 
age and threshold Voltage). Specifically, in the transistor oper 
ating region known as the deep triode region, where the 
drain-source voltage is relatively low, MOSFETs exhibit 
drain current I, that varies linearly as a function of drain 
Source Voltage Vs. Linearity in the deep triode region is 
described in the literature at, e.g., Razavi, “Design of Analog 
CMOS Integrated Circuits,” chapter 2 (2005) the entirety of 
which is herein incorporated by reference. In the deep triode 
region, the gate-source Voltage determines the slope of the 
line passing through the origin in the Voltage-current (Vs 
I) plane. Referring to FIGS. 1 and 2, for a given gate Voltage 
of NMOS transistor 106, when the voltage at node A (coupled 
to the source of transistor 106) is relatively low (e.g., nearly 
Zero in the plot of FIG. 2), the gate-source Voltage of transis 
tor 106 is relatively high, and the NMOS transistor is turned 
on, conducting current between its drain and Source termi 
nals. For example, at point P1 on the operating curve of FIG. 
2, voltage at node A is about 0.102V and equivalent resistance 
is about 120.5 ohms. With the transistor 106 in the on state, 
the resistance across transistor 106 is reduced, and the equiva 
lent resistance plotted in FIG. 2 is reduced. When the voltage 
at node A is relatively high (e.g., close to 1 V in the example 
of FIG. 2), the NMOS transistor 106 turns off, i.e., transistor 
106 is in a non-current conducting state. The PMOS transistor 
104 turns on in this Voltage scenario, again reducing equiva 
lent resistance. 

Thus, when Voltage at node A is either relatively low (e.g., 
about OV) or relatively high (e.g., close to the voltage at node 
B), equivalent resistance is reduced. In this manner, resis 
tance is maintained in a relatively narrow range of values over 
a wide range of currents, and calibration of resistance is 
achieved. In some embodiments, maximum resistance occurs 
at point P2 of FIG. 2, corresponding to a voltage at node A of 
about 0.719 V and an equivalent resistance of about 124.1 
ohms, and resistance variation of only about 3.0% is achieved 
along the operating curve in some examples. If NMOS tran 
sistor 106 were not included in the calibration circuit, then 
resistance would only be reduced when the PMOS transistor 
104 is on, which occurs when the voltage at node A is rela 
tively high. Without the NMOS transistor 106, relatively low 
Voltages at node A would result in high equivalent resistance, 
and the plot of resistance versus node A voltage would be 
strictly decreasing as Voltage increases, rather than increasing 
and then decreasing as in FIG. 2. Thus, inclusion of NMOS 
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transistor 106 along with PMOS transistor 104 advanta 
geously controls resistance at both low and high node A 
Voltages. 

In some embodiments, the gate Voltages of transistors 104 
and 106 are set using a double decision feedback loop. In FIG. 
3, a circuit 300 includes a first circuit module 301a, which has 
a resistor 302a and transistors 304a and 306a coupled in 
parallel, and a circuit module 301b, which has a resistor 302b 
and transistors 304b and 306b coupled in parallel. The first 
and second circuit modules 301a, 301b are tied to a power 
Supply Voltage Vs (e.g., 1V) at nodes 321a and 321b, respec 
tively. The NMOS transistors 306a and 306b have respective 
gates coupled to node 310, and the PMOS transistors 304a 
and 304b have respective gates coupled to node 312. 

The voltages of nodes 310 and 312 (denoted V, and V. 
respectively) are decided using negative feedback from 
operational amplifiers 320a and 320b, which function as 
comparators to compare a signal from circuit module 301a or 
301b to a reference voltage. Amplifier 320a has an inverting 
input terminal coupled to node 322a which serves a similar 
role as node A in FIG. 1. Amplifier 320a has a noninverting 
input terminal tied to a reference Voltage V. Amplifier 
320b has an inverting input terminal coupled to node 322b 
and an noninverting terminal tied to a reference Voltage 
Vrer. In Some embodiments, Veer is less than Vree, e.g., 
V-0.2 V and V 0.8 V. Node 322a is coupled to a 
current mirror 330a, including transistors 331a and 332b. A 
current source 334a provides current I. Similarly, node 322b 
is coupled to current mirror 330b, including transistors 331b 
and 332b, and a current source 334b provides current I. In 
one example, I-8 mA and I 2 mA. Due to high gain of 
amplifier 320a, the voltage at node 312 (output of the ampli 
fier 320a) is forced to 0.2V. The equivalent resistance across 
transistors 304a and 306a and resistor 302a is (1 V-0.2 
V)/0.008 A=100 ohms. Similarly, due to amplifier 320b, the 
voltage at node 310 is forced to 0.8 V, and the equivalent 
resistance across transistors 304b and 306b and resistor 302b 
is (1 V-0.8V)/0.002 A=100 ohms. 

Thus, (Ves-Verl)/I-(Ves-Ver)/I2, and resistance is 
calibrated in this example to 100 ohms (a desired resistance) 
at each circuit module 301a, 301b. In other examples, differ 
ent Voltages and currents satisfying the foregoing equation 
may be used to calibrate various resistance values. The reason 
for using two circuit modules 301a, 301b and two amplifiers 
320a, 320b is as follows. The PMOS and NMOS devices of 
each module 301a, 301b interfere with each other, so an 
optimal PMOS gate voltage cannot simply be first determined 
before independently determining an optimal NMOS gate 
voltage. Rather, the two feedback loops provided by the 
respective amplifiers 320a, 320b converge to provide the final 
solution, thus deciding gate voltages V, and V, for the 
PMOS and NMOS transistors, respectively. 

FIG. 4 is a circuit diagramofan amplifier for which loading 
is applied in accordance with Some embodiments of the 
present disclosure. After the gate voltages V, and V, have 
been determined using the double decision feedback circuit 
of FIG.3, circuit modules 301a and 301b providing calibrated 
resistance may be configured with an inductive load L and 
output loads OUTP, OUTN as shown in FIG. 4. The inductive 
loads enable wider 3 dB bandwidth through inductive peak 
ing for broadband amplifier design. NMOS transistors 410a 
and 410b have their source terminals coupled to one another 
and to current source 412, and have their drain terminals 
coupled to circuit modules 301a and 301b, respectively. Tran 
sistors 410a and 410b form amplifier input differential pairs 
and are used with current source 412 for an inductive peaking 
amplifier. 
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4 
For increased reliability, in some embodiments NMOS 

transistors of circuit modules 301a, 301b are provided as I/O 
(input/output) devices rather than core devices. Typically, a 
foundry provides core devices and I/O devices, which are two 
different types of semiconductor devices. Core devices and 
I/O devices are described at, e.g., U.S. Pat. No. 7,868,361 to 
Cheng et al. the entirety of which is herein incorporated by 
reference. Core devices typically include a high-kgate dielec 
tric. I/O devices, which are designed to handle higher volt 
ages than core devices, do not include a high-kgate dielectric. 
The threshold voltage of an I/O device is higher (e.g., 1.8 V) 
than the threshold voltage of a core device (e.g., 1.2 V). In 
some embodiments, core voltage devices are used for PMOS 
transistors 304a and 304b, and I/O devices are used for 
NMOS transistors 306a and 306b. With the resistance cali 
bration approach of various embodiments, the gate Voltage of 
the NMOS transistors will be higher than the core voltage, so 
using I/O devices for these NMOS transistors (i.e., using 
IO-NMOS transistors) prevents damage to the transistors and 
ensures reliability, e.g., when the threshold Voltage exceeds 
12 V. 

FIG. 5 is a flow diagram of a process in accordance with 
some embodiments. After process 500 begins, a first voltage 
received at a first input (e.g., a noninverting input) of a first 
comparator (e.g., comparator 320a) is compared (block 510) 
to a second Voltage received at a second input (e.g., an invert 
ing input) of the first comparator. A third Voltage received at 
a first input (e.g., a noninverting input) of a second compara 
tor (e.g., comparator 320b) is compared (block 520) to a 
fourth Voltage received at a second input (e.g., an inverting 
input) of the second comparator. A fifth voltage (e.g., V) is 
generated (block 530) based on a difference between the first 
and second Voltages, and a sixth Voltage (e.g., V) is gener 
ated (block 540) based on a difference between the third and 
fourth voltages. The fifth voltage is applied (block 550) to 
gates of first and second transistors (e.g., transistors 304a and 
304b), respectively, of a first type (e.g., the first and transistors 
may be PMOS transistors). The first transistor is coupled in 
parallel with a first resistor (e.g., resistor 302a) and a third 
transistor of a second type (e.g., NMOS transistor 306a). The 
second transistor is coupled in parallel with a second resistor 
(e.g., resistor 302b) and a fourth transistor of the second type 
(e.g., NMOS transistor 306b). The sixth voltage is applied 
(block 560) to gates of the third and fourth transistors, respec 
tively. 

In some embodiments, a circuit has a first circuit module 
(e.g., circuit module 301a) including a first resistor (e.g., 
resistor 302a) and first and second transistors (e.g., resistors 
304a and 306a, respectively) coupled in parallel with the first 
resistor. The first resistor and the first and second transistors 
are coupled together at a first node (e.g., node 422a). An 
equivalent resistance across the first circuit module increases 
as a Voltage of the first node is increased from a first Voltage 
to a second Voltage, and the equivalent resistance across the 
first circuit module decreases as the voltage of the first node is 
increased from the second Voltage to a third voltage. 

In some embodiments, a circuit includes first and second 
circuit modules (e.g., circuit modules 301a and 301b, respec 
tively), first and second nodes (e.g., nodes 312 and 310, 
respectively), and first and second operational amplifiers 
(e.g., amplifiers 320a and 320b, respectively). The first and 
second circuit modules are coupled to a power Supply Voltage 
(e.g., Ves). The first and second nodes each couple the first 
and second circuit modules. The first and second operational 
amplifiers have respective outputs coupled to the first and 
second nodes, respectively. Each circuit module includes at 
least two transistors coupled in parallel with a resistor. 
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In some embodiments, a first Voltage received at a first 
input (e.g., a noninverting input) of a first comparator (e.g., 
comparator 320a) is compared to a second Voltage received at 
a second input (e.g., an inverting input) of the first compara 
tor. A third Voltage received at a first input (e.g., a noninvert 
ing input) of a second comparator is compared to a fourth 
Voltage received at a second input (e.g., an inverting input) of 
the second comparator. A fifth voltage (e.g., V) is generated 
based on a difference between the first and second voltages, 
and a sixth Voltage (e.g., V) is generated based on a differ 
ence between the third and fourth voltages. The fifth voltage 
is applied to gates of first and second transistors (e.g., tran 
sistors 304a and 304b), respectively, of a first type (e.g., the 
first and transistors may be PMOS transistors). The first tran 
sistor is coupled in parallel with a first resistor (e.g., resistor 
302a) and a third transistor of a second type (e.g., NMOS 
transistor 306a). The second transistor is coupled in parallel 
with a second resistor (e.g., resistor 302b) and a fourth tran 
sistor of the second type (e.g., NMOS transistor 306b). The 
sixth Voltage is applied to gates of the third and fourth tran 
sistors, respectively. 

Although examples are illustrated and described herein, 
embodiments are nevertheless not limited to the details 
shown, since various modifications and structural changes 
may be made therein by those of ordinary skill within the 
Scope and range of equivalents of the claims. 
What is claimed is: 
1. A circuit comprising: 
a first circuit module including a first resistor and first and 

second transistors coupled in parallel with said first 
resistor, wherein the first resistor and the first and second 
transistors are coupled together at a first node, and a gate 
Voltage of the second transistoris based on a comparison 
between a reference voltage and a voltage of the first 
node; and 

a second circuit module including a second resistor and 
third and fourth transistors coupled in parallel with the 
second resistor, wherein the second resistor and the third 
and fourth transistors are coupled together at a second 
node: 

wherein an equivalent resistance across the first circuit 
module increases as a Voltage of the first node is 
increased from a first Voltage to a second Voltage, and the 
equivalent resistance across the first circuit module 
decreases as the Voltage of the first node is increased 
from the second Voltage to a third Voltage; 

wherein an equivalent resistance across the second circuit 
module increases as a Voltage of the second node is 
increased from the first voltage to the second Voltage, 
and the equivalent resistance across the second circuit 
module decreases as the Voltage of the second node is 
increased from the second Voltage to the third Voltage. 

2. The circuit of claim 1, wherein the first and second 
transistors are an NMOS transistor and a PMOS transistor, 
respectively. 

3. The circuit of claim 1, wherein a gate of the first transis 
tor is coupled to a gate of the third transistor, and a gate of the 
second transistor is coupled to a gate of the fourth transistor. 

4. The circuit of claim 1, wherein the first and third tran 
sistors are NMOS transistors, and the second and fourth tran 
sistors are PMOS transistors. 

5. The circuit of claim 1, wherein the second transistor is a 
core device comprising a high-k gate dielectric, and the first 
transistor is an I/O (input/output) device, wherein the I/O 
device does not include a high-kgate dielectric, and wherein 
a threshold voltage of the I/O device is higher thana threshold 
voltage of the core device. 
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6 
6. The circuit of claim 5, wherein the first transistor is an 

NMOS transistor, and the second transistor is a PMOS tran 
sistor. 

7. The circuit of claim 1, further comprising: 
a fifth transistor having a drain coupled to the first node: 

and 
a sixth transistor having a drain coupled to a second node, 

and a source coupled to a source of the fifth transistor. 
8. A circuit comprising: 
a first circuit module coupled to a power Supply Voltage; 
a second circuit module coupled to the power Supply Volt 

age. 
a first node coupling the first and second circuit modules; 
a second node coupling the first and second circuit mod 

ules; 
a first operational amplifier having an output coupled to the 

first node; and 
a second operational amplifier having an output coupled to 

the second node: 
wherein each circuit module includes at least two transistors 
coupled in parallel with a resistor. 

9. The circuit of claim 8, wherein at least one transistor in 
each circuit module is an NMOS transistor, and at least one 
transistor in each circuit module is a PMOS transistor. 

10. The circuit of claim 9, wherein said PMOS transistor of 
the first circuit module is coupled to said PMOS transistor of 
the second circuit module by the first node, and said NMOS 
transistor of the first circuit module is coupled to said NMOS 
transistor of the second circuit module by the second node. 

11. The circuit of claim 10, wherein respective gates of the 
PMOS transistors of the first and second circuit modules are 
coupled together, and respective gates of the NMOS transis 
tors of the first and second circuit modules are coupled 
together. 

12. The circuit of claim 8, wherein the first operational 
amplifier has a first input coupled to the first circuit module, 
and a second input coupled to a first Voltage, and the second 
operational amplifier has a first input coupled to the second 
circuit module, and a second input coupled to a second Volt 
age. 

13. The circuit of claim 12, wherein the first and second 
inputs of the first operational amplifier are an inverting input 
and a non-inverting input, respectively, and the first and sec 
ond inputs of the second operational amplifier are a non 
inverting input and an inverting input, respectively. 

14. The circuit of claim 12, further comprising first and 
second current mirrors, wherein said first current mirror is 
coupled to the first circuit module and to the first operational 
amplifier, and the second current mirror is coupled to the 
second circuit module and to the second operational ampli 
fier. 

15. The circuit of claim 14, further comprising first and 
second current sources coupled to the first and second current 
mirrors, respectively, wherein the first and second current 
Sources, the first and second Voltages, and the power Supply 
Voltage satisfy (Ves-V)/I=(V-V)/I, wherein Vs is the 
power Supply Voltage, V is the first Voltage, V is the second 
Voltage. It is the current provided by the first current source, 
and I is the current provided by the second current Source. 

16. The circuit of claim 8, wherein one of the transistors of 
each of the first and second circuit modules is a core device 
comprising a high-kgate dielectric; and one of the transistors 
of each of the first and second circuit modules is an I/O 
(input/output) device, wherein said I/O device does not 
include a high-k gate dielectric, and a threshold Voltage of 
said I/O device is higher thana threshold voltage of said core 
device. 
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17. The circuit of claim 16, wherein the core device of each 
circuit module is a PMOS transistor, and the I/O device of 
each circuit module is an NMOS transistor. 

18. A method comprising: 
comparing a first Voltage received at a first input of a first 

comparator to a second Voltage received at a second 
input of the first comparator; 

comparing a third Voltage received at a first input of a 
second comparator to a fourth Voltage received at a 
second input of the second comparator; 

generating a fifth Voltage based on a difference between the 
first and second Voltages; 

generating a sixth Voltage based on a difference between 
the third and fourth voltages; 

applying the fifth Voltage to gates of first and second tran 
sistors, respectively, of a first type, the first transistor 
being coupled in parallel with a first resistor and a third 
transistor of a second type, the second transistor being 
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coupled in parallel with a second resistor and a fourth 
transistor of the second type; and 

applying the sixth Voltage to gates of the third and fourth 
transistors, respectively. 

19. The method of claim 18, further comprising: 
generating a first current at a first current source coupled to 

a first current mirror, and 
generating a second current at a second current source 

coupled to a second current mirror, 
wherein the second input of the first comparator is coupled 

to the first current mirror, and the first input of the second 
comparator is coupled to the second current mirror, 

wherein the first and second currents and the first and 
fourth Voltages satisfy (Ves-V)/I=(V-V)/I, 
wherein Vps is a power Supply Voltage coupled to the 
transistors and to the resistors, V is the first Voltage, V. 
is the fourth Voltage. It is the first current, and I is the 
second current. 


